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Pseudomonas aeruginosa Uses Multiple Pathways To Acquire Iron
during Chronic Infection in Cystic Fibrosis Lungs
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Hobart, Tasmania, Australia; School of Medicine, University of Tasmania, Hobart, Tasmania, Australia®

Pseudomonas aeruginosa chronically infects the lungs of more than 80% of adult patients with cystic fibrosis (CF) and is a major
contributor to the progression of disease pathology. P. aeruginosa requires iron for growth and has multiple iron uptake sys-
tems that have been studied in bacteria grown in laboratory culture. The purpose of this research was to determine which of
these are active during infection in CF. RNA was extracted from 149 sputum samples obtained from 23 CF patients. Reverse tran-
scription— quantitative real-time PCR (RT-qPCR) was used to measure the expression of P. aeruginosa genes encoding transport
systems for the siderophores pyoverdine and pyochelin, for heme, and for ferrous ions. Expression of P. aeruginosa genes could
be quantified in 89% of the sputum samples. Expression of genes associated with siderophore-mediated iron uptake was detected
in most samples but was at low levels in some samples, indicating that other iron uptake mechanisms are active. Expression of
genes encoding heme transport systems was also detected in most samples, indicating that heme uptake occurs during infection
in CF. feoB expression was detected in all sputum samples, implying an important role for ferrous ion uptake by P. aeruginosa in
CF. Our data show that multiple P. aeruginosa iron uptake mechanisms are active in chronic CF infection and that RT-qPCR of

RNA extracted from sputum provides a powerful tool for investigating bacterial physiology during infection in CF.

he thick, viscous mucus in the lungs of cystic fibrosis (CF)

patients is conducive to infection with bacterial pathogens (1).
The lungs of >80% of adult CF patients are chronically infected
with Pseudomonas aeruginosa, and infection is associated with
poorer clinical scores and rapid decreases in lung function, as well
as being a key contributor to the premature mortality of CF pa-
tients (2—4). Individuals with CF are intermittently admitted to
hospital suffering from exacerbations, which are characterized by
pronounced worsening of their lung conditions accompanied by
systemic illness with fevers, night sweats, loss of appetite, and
weight loss (5), and are treated with intensive antibiotic therapy.

Like other pathogenic bacteria, P. aeruginosa requires iron for
numerous proteins, such as cytochromes and catalases. Iron is not
freely available to infectious bacteria in the healthy human airway,
because it is predominantly assimilated into iron-binding pro-
teins such as transferrin, lactoferrin, and ferritin, but larger
amounts of iron are present in CF lungs (6-8). Iron in biological
environments is commonly present as ferric (Fe’™) ions, although
the reduced pH (9) and the poor availability of O, in the thick
mucus layers of CF airways (10, 11) may mean that significant
amounts of ferrous (Fe?") iron are present.

P. aeruginosa can assimilate Fe’" ions through multiple path-
ways, including the siderophore systems pyoverdine (Pvd) and
pyochelin (Pch). The bacteria secrete pyoverdine and pyochelin,
which chelate Fe>*, enabling it to be internalized through the
outer membrane receptors FpvA (for the uptake of ferripyover-
dine) (12) and FptA (for the uptake of ferripyochelin) (13). In
animal models, pyoverdine is required for P. aeruginosa to cause
acute infection (14, 15). The expression of pyoverdine synthesis
genes is directed by an alternative sigma factor, PvdS (16, 17). The
activity of PvdS is modulated by the antisigma protein FpvR in
response to the interaction of ferripyoverdine with FpvA (17).
Similarly, the expression of pyochelin synthesis genes is upregu-
lated by the presence of pyochelin in a process involving the tran-
scriptional activator PchR (13, 18). The expression of iron uptake
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pathways in P. aeruginosa is regulated by the Fur repressor pro-
tein, which, in the presence of significant amounts of intracellular
Fe’™ ions, binds to the promoters of genes encoding iron uptake
systems to repress their activity. Siderophore production is regu-
lated by the binding of Fur-Fe*" to the promoters of the pvdS and
pchR genes, inhibiting their expression and thus inhibiting the
synthesis of pyoverdine and pyochelin (19). P. aeruginosa also has
multiple pathways for the uptake of exogenous siderophores se-
creted by other microorganisms (20, 21), and some of these path-
ways may contribute to iron acquisition in the CF lung (22).

P. aeruginosa can also assimilate iron from hemoglobin and
other heme-containing proteins via the heme acquisition (Has)
and Pseudomonas heme uptake (Phu) systems (23). In Serratia
marcescens, heme is taken up by a hemophore (heme-binding pro-
tein) secreted by the bacteria (24). Hemophore-heme complexes
are recognized by an outer membrane receptor, HasR, that im-
ports the heme into the periplasm. The sigma factor Hasl upregu-
lates hasR gene expression in response to the presence of heme
(25). The Has pathway in P. aeruginosa is composed of orthologs
of the S. marcescens proteins and is predicted to function in the
same way. PhuR is an outer membrane receptor for heme uptake,
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and PhuS$ is an intracellular heme-trafficking protein that delivers
heme to heme oxygenases for the release of iron (23, 26). The
expression of the Has and Phu pathways is repressed by the Fur
protein in response to the presence of excess iron (23).

A system for the uptake of ferrous ions, Feo, has been charac-
terized in members of the Enterobacteriaceae and Vibrio cholerae
(27-30). FeoB is the major component of this system and acts as a
high-affinity transporter of ferrous ions. In P. aeruginosa, an FeoB
ortholog is required for the transport of Fe*" from the periplasm
to the cytoplasm during citrate-mediated iron acquisition (31).
Regulation of the Feo system by Fur occurs in Escherichia coli and
Vibrio cholerae (32) but has not yet been documented in P. aerugi-
nosa, although the expression of feo is increased during growth in
an iron-limited medium (33).

Iron acquisition is critical for the growth of bacterial patho-
gens, and iron withholding, whereby iron is bound to host pro-
teins to reduce its accessibility to infecting bacteria, is an impor-
tant component of innate immunity (34). CF sputum is a complex
mixture that may provide numerous sources of iron, including
heme from hemorrhage, plasma leakage, and also potentially ep-
ithelial cell iron loss related to the cystic fibrosis transmembrane
conductance regulator (CFTR) mutation itself (35). Very little is
known about which P. aeruginosa iron uptake systems are active in
the lungs of CF patients. Pyoverdine was detected in the sputa of
six CF patients, indicating that it plays a role in P. aeruginosa
infections (36). However, in a larger study, approximately 33% of
P. aeruginosa-containing sputa contained no detectable pyover-
dine (37), suggesting that pyoverdine-mediated iron uptake may
not always be essential for infection. So far as we are aware, no
studies on the roles of other P. aeruginosa iron uptake systems in
CF have been reported. In this study, we sought to elucidate the
systems used for iron acquisition by P. aeruginosa during CF lung
infections.

MATERIALS AND METHODS

Subjects and sampling. Sputum samples were collected with the approval
of the Southern Tasmanian Health and Medical Research Ethics Commit-
tee (H9813). Written informed consent was provided by all study partic-
ipants. Individuals with CF were recruited from outpatient clinics, and
inpatients under treatment for acute exacerbations were also recruited. At
the time of sputum collection, the clinical status of the patient was as-
signed a score of 1 (exacerbation with hospital admission), 2 (stable), or 3
(postexacerbation, at the end of antibiotic treatment). For sample set 1,
sputum samples were treated with Sputolysin (Calbiochem) for 30 min, as
described previously (8), and were stored at —80°C. For sample set 2,
sputum was expectorated into 20 ml of RNAlater (Qiagen). A total of 149
sputum samples were collected from 24 CF patients over a period of 117
months. The median patient age was 25 years (interquartile range, 22 to 27
years), and 50% of the patients were male. Amounts of P. aeruginosa in
sputum samples were determined by colony counts on Pseudomonas se-
lective agar as described previously (8).

RNA isolation and reverse transcription. RNA was isolated either
from bacteria (0.5 ml) that had been grown aerobically at 37°C to late-log
phase (optical density at 600 nm [ODy,], 2.2) in King’s B medium (38)
supplemented as required with FeCl; or from bacteria that had been
grown microaerobically in sealed bottles without shaking in King’s B me-
dium supplemented with KNO; (0.4%) and as required with FeSO ;. Sam-
ples were pretreated with RNAprotect Bacteria reagent (1 ml) (Qiagen),
and RNA was extracted using the RNeasy minikit (Qiagen), including
on-column digestion with RNase-free DNase I (Qiagen), and was eluted
in RNase-free H,O containing 25 ng - ml~' tRNA from brewer’s yeast
(Roche). The quantity and purity of the RNA were measured on a Nano-
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Drop spectrophotometer. Each RNA sample was treated with DNase I
(Invitrogen). The DNase was then inactivated by the addition of EDTA to
2.3 mmol and incubation at 65°C for 10 min. Aliquots of as much as 1 g
RNA were reverse transcribed to cDNA by using the Transcriptor First
Strand cDNA synthesis kit (Roche) with random hexamer primers ac-
cording to the manufacturer’s instructions. The resulting cDNA was
stored at —20°C. To determine whether any contaminating genomic
DNA was present, a second aliquot of each RNA was treated with the kit
reagents but without the reverse transcriptase.

For sputum sample set 1, sputum samples (0.2 ml) were mixed with an
equal volume of Sputolysin (Calbiochem) and were incubated at 37°C for
30 min to reduce viscosity. RNA was then extracted and cDNA prepared
in the same way as for laboratory-grown cultures. For sample set 2, as
much as 0.15 g of sputum in RNAlater was dried, added to Tri Reagent
(Sigma-Aldrich), and homogenized by bead-beating (Mini-BeadBeater;
Biospec Products Inc.) for 4 min at a low speed using zirconia/silica beads
(0.1 mm; BioSpec Products). The supernatant was collected following
centrifugation. RNA was then prepared using the Tri Reagent manufac-
turer’s protocol and was resuspended in Tris-EDTA (TE) buffer (50 l).
Samples of RNA were treated with Turbo DNase (Ambion), and cDNA
was made using a SuperScript III First-Strand Synthesis SuperMix kit
(Invitrogen).

Reverse transcription—quantitative real-time PCR (RT-qPCR).
Transcripts were quantified with the LightCycler 480 SYBR green I Master
kit (Roche) in conjunction with gene-specific primers (see Table S1 in the
supplemental material). The high degree of sequence similarity between
corresponding genes in different strains of P. aeruginosa (approximately
99.5%) (39) facilitated the development of species-specific primers that
will amplify target amplicons from all strains of P. aeruginosa. Reaction
mixtures contained SYBR green Master mix (5 pl), 10 pmol of each
primer, PCR-grade water (1.8 pl), and cDNA that had been diluted 1:10 in
PCR-grade water (3 pl) (Roche). Reaction mixtures for clpX and pvdH
contained 7.5 pmol of each primer, since this improved amplification
efficiency. Thermocycling was performed on the LightCycler 480 plat-
form (Roche) in 96-well plates and consisted of denaturation at 95°C (10
min); 45 amplification cycles of 98°C (55), 58°C (5's), and 72°C (8 s), with
data acquisition at 72°C; and a single cycle of 98°C (30 s) followed by 65°C
(5's) and then ramping to 98°C at 0.11°C/s with continuous acquisition
for the collection of melt data.

Data analysis and controls. RT-qPCR controls included cDNA de-
rived from P. aeruginosa PAO1 cultured in King’s B medium, RNA with-
out reverse transcriptase treatment (—RT) as described above, and a water
(no-template) control (NTC). Data were discarded if the target product
was amplified in the NTC or —RT control run. Technical duplicates of
c¢DNA from sputum samples were used in RT-qPCR experiments and
gave high reproducibility with each primer set. Data were analyzed with
LightCycler 480 software, version 1.5 (Roche). Melt curve data were used
to determine whether only the correct product had been amplified.

The expression of iron metabolism genes was measured relative to the
geometric means (\/(clpX X oprL)) of clpX and oprL transcripts. For the
few reactions in which the amount of transcript was beyond the range of
the standard curve, LinRegPCR (40, 41) was used to verify that they am-
plified with the same efficiency as those within the standard curve range.
Amplification data for the PAO1 calibrator cDNA in each LightCycler
experiment showed a high level of reproducibility.

Statistical analyses. Linear regression was used to describe the rela-
tionship between the logarithm of gene expression and iron concentration
in vitro; P values, derived from a test of the null hypothesis (that the slope
of the regression line is zero), indicate the presence or absence of a dose
response. Pearson’s correlation coefficient was used to measure the asso-
ciation between log gene expression values and the log of P. aeruginosa
numbers. Bias-adjusted bootstrap confidence intervals were used to ac-
count for the repeated samples from patients.

The generalized estimating equation framework was used to compare
gene expression by age, sex, and clinical status and to compare the two sets

Infection and Immunity


http://iai.asm.org

Pseudomonas aeruginosa Iron Uptake in Cystic Fibrosis

A clpX/oprL B pvdS pvdH pvdL C pchF
o 10" 4 . 10"
esee N
c . c -
— 34 o 0 ° -+ o o4 .
3 S 10 . S 10
S @ v e @
S : :
X . o . . o .o
S 21 g 10" —+ -+ D 107
o ° = ' . ' <+ 2 -
5| " . 3 . 5 -
o o [0) . —+ ©
1 R - . ot - @ 102 )
0- 1071 T T T T T T T T T 101
0 20 40 0 20 40 0 20 40 0 20 40 0 20 40
FeCl, (uM) FeCl, (uM) FeCl, (uM)
D E F
] hasl hasR phuR phuS 101 feoB o] feoB
% 10° ;ﬁ S 100 4 g 100 4
@ : = ter @ @
g | : g g
a + . a o
X< . . - < I3 .
T 107 -+ D 107 T 107
g . - : g . 2 +
5 LI . - T B T v B .o
& 107 + T & 102 2 o +
Eo, . -+ 102 102
1073A T T T T T T T T T T T T 10»3A 1073A
0 20 40 0 20 40 0 20 40 0 20 40 0 20 40 0 25
FeCl, (uM) FeCl, (uM) FeSO, (uM)

FIG 1 Effects of iron concentration on gene expression during in vitro culture of P. aeruginosa. (A to E) P. aeruginosa PAO1 was grown aerobically in King’s B
medium containing iron (FeCl,) at the concentrations shown. Gene expression was measured as described in Materials and Methods. The experiment was
repeated at least three times for each growth condition, and the value for each replicate, as well as the mean value (horizontal lines), is shown. Linear regression
was used to describe the relationship between the logarithm of gene expression and iron concentration; P values, indicating the presence or absence of a dose
response, were derived from a test of the null hypothesis, that the slope of the regression line is zero. (A) Ratio of c[pX to oprL (the P value from the regression of
the log clpX/oprL ratio on iron concentration was 0.45). (B) Variation in the expression of pvd genes with Fe concentration (P, 0.0001 for pvdS, 0.0004 for pvdL,
and 0.0004 for pvdH). (C) Variation in pchF expression with Fe concentration (P = 0.0002). (D) Variation in the expression of has and phu genes with Fe
concentration (P, 0.0004 for hasI, 0.0001 for hasR, 0.0001 for phuR, and 0.0001 for phuS). (E) Variation in feoB expression with Fe concentration (P = 0.02). (F)

Variation in feoB expression with Fe concentration (P = 0.08) for bacteria grown microaerobically with FeSO, in place of FeCl,.

of data; a linear model was used for the logarithm of the expression levels
with an independence working correlation and robust standard errors.
The results were transformed back and are presented as relative differ-
ences in expression levels. STATA, version 11.0 (StataCorp, 2009), was
used for statistical analyses.

RESULTS

Establishment of the RT-qPCR method. We developed an RT-
qPCR approach to measure the transcription of P. aeruginosa iron
uptake genes in the CF lung. Our approach was to measure the
expression of target genes in sputum samples from CF patients, as
a surrogate for expression in the CF lung. We could not carry out
an absolute quantification that would indicate the amount of tran-
script per nanogram of P. aeruginosa cDNA, because the cDNA
was synthesized from RNA isolated from a mixture of human
cells, P. aeruginosa, and other bacterial species present in sputum.
Instead, relative quantification was used, with P. aeruginosa clpX,
which encodes a subunit of the cytoplasmic protease ClpXP, and
oprL, which encodes an outer membrane protein, as reference
genes. No differential expression of c/pX and oprL was detected in
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any of 23 transcriptome studies (42), including 1 in which sputum
was added to bacterial growth medium (43). Using in vitro cul-
tures, we confirmed that the expression of these genes is not af-
fected by the amount of iron present (Fig. 1A).

In clinical and research settings, sputum samples are rou-
tinely incubated at 37°C for 30 min in the presence of a dena-
turant such as Sputolysin to reduce viscosity. Samples prepared
in this way (sample set 1) were used to establish the RT-qPCR
method for measuring the expression of target genes. Fifty-six
samples containing P. aeruginosa were obtained from 23 pa-
tients. cIpX and oprL transcripts were reproducibly quantified
in 53 samples in duplicate RT-qPCR experiments. There was a
strong positive correlation between clpX and oprL (r = 0.92
[95% confidence interval, 0.89 to 0.95]) (see Fig. SIA in the
supplemental material). There were also positive correlations
between the amounts of reference gene transcripts and the
number of P. aeruginosa bacteria in each sputum sample (r,
0.39 [95% confidence interval, 0.15 to 0.60] for clpX; r, 0.40
[95% confidence interval, 0.17 to 0.63] for oprL). Collectively,
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TABLE 1 Quantification of iron uptake system transcripts in CF sputum samples

No. of samples

% of samples in which transcripts were:

Median gene expression>* (interquartile

tested” Detected Quantified” range)
Gene Set 1 Set 2 Set 1 Set 2 Set 1 Set 2 Set 1 Set 2 )t
pvdH 53 79 94 100 89 100 0.20 (0.11-0.36) 0.40 (0.22-0.84) 0.06
pvdL 53 79 89 100 81 100 0.13 (0.06-0.34) 0.14 (0.08-0.23) 0.9
pvdS 53 79 98 99 89 99 0.23 (0.10-0.43) 0.46 (0.23-0.72) 0.1
pchF 53 79 85 100 74 99 0.03 (0.01-0.08) 0.19 (0.11-0.49) 0.002
hasl 51 79 94 100 78 95 0.40 (0.18-1.22) 0.08 (0.04-0.17) <0.0005
hasR 53 79 77 100 53 51 0.09 (0.03-0.24) 0.03 (0.01-0.05) 0.01
phuR 53 79 81 100 57 94 0.15 (0.05-0.44) 0.02 (0.01-0.03) <0.0005
phuS 51 79 82 100 51 56 0.61 (0.21-1.37) 0.14 (0.08-0.40) 0.003
feoB 52 79 100 100 100 100 1.63 (0.49-6.43) 0.12 (0.06-0.30) <0.0005

@ Samples in set 1 (from 23 patients) were processed with Sputolysin for 30 min prior to extraction of RNA. Samples in set 2 (from 10 patients) were added to RNAlater

immediately following sputum expectoration.

b Data for samples where melt curve analysis showed specific amplification of the target product only.

¢ Relative to the geometric means for cIpX and oprL.
4 For comparison of means of log values between the two sets of data.

these data validate clpX and oprL as reference genes for the
relative quantification of P. aeruginosa transcripts.

Siderophore synthesis genes. The pyoverdine sigma factor
pvdS (16) and two PvdS-dependent biosynthetic genes, pvdH
(44) and pvdL (45), were selected as markers of pyoverdine
activity because they are conserved across all P. aeruginosa
strains (46). All three genes were highly expressed in P. aerugi-
nosa grown in culture medium, and their expression was sig-
nificantly reduced when iron was added to the growth medium
(Fig. 1B), as expected (16, 33).

The activity of the Pvd system during infection of CF airways
was investigated by measuring the amounts of pvd transcripts in
the 53 ¢cDNA samples derived from CF sputum that contained
quantifiable amounts of clpX and oprL transcripts. pvdS, pvdH,
and pvdL transcripts were detected and could be quantified for
most samples (Table 1, set 1). However, in some samples, second-
ary amplification products were detected in addition to the ex-
pected product, preventing accurate quantification. Such artifacts
can occur when the copy number of the target sequence is low
(47), due in this case to the use of small sample volumes and the
low number of P. aeruginosa bacteria in some samples. It is also
possible that RNA from other species impaired specific amplifica-
tion of the target sequence(s) in these reactions.

There were strong associations between the amounts of pvdS,
pvdH, and pvdL transcripts in CF sputum (Table 2; see also Fig. S1
in the supplemental material), demonstrating internal consis-
tency and robustness in the RT-qPCR approach. The concentra-
tions of pyoverdine in these samples were determined previously
(37), and the median was 5.02 WM.

The activity of the pyochelin iron uptake system was measured
by RT-qPCR of the pyochelin synthetase gene pchF (48). As ex-
pected, expression of pchF in vitro was repressed when bacteria
were cultured in the presence of Fe’™ (Fig. 1). pchF transcripts
were detected in 45/53 CF sputum samples, but only in small
amounts (Table 1, set 1). By use of an assay sensitive to 1 uM
pyochelin (37), pyochelin was detected in only 6/45 sputum sam-
ples tested (data not shown). Collectively, these data indicate that
the Pch system is not highly active in our CF patient cohort.

Heme and ferrous iron uptake pathways. The expression of
the Has and Phu heme uptake pathways was examined by RT-
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qPCR of the Has sigma factor gene hasl and the outer membrane
receptor gene hasR and of the Phu outer membrane receptor gene
phuR and the cytosolic heme transporter gene phuS. The regula-
tory effect of iron on has and phu gene expression (23) was con-
firmed: iron repressed the expression of both systems in labora-
tory cultures (Fig. 1).

The activities of Has and Phu were measured in sputum sam-
ples. Gene transcripts were detected in proportions of samples
similar to those for the Pvd and Pch systems; however, a lower
proportion could be quantified (Table 1, set 1). Strong correla-
tions in transcript amounts were observed within each system and
also between the Has and Phu systems (Table 2; see also Fig. S1 in
the supplemental material).

Ferrous ions can be internalized into P. aeruginosa through the
inner membrane permease FeoB. The feoB gene was expressed at
low levels in aerobically grown cultures, and, for reasons that are
not clear, the addition of ferric iron caused an increase in expres-
sion (Fig. 1). feoB expression was enhanced by growth under mi-
croaerobic conditions, where the addition of iron repressed ex-
pression (Fig. 1), as found previously in other species (28, 30). In
sputum, feoB transcripts were detected in all 53 samples examined
(Table 1, set 1).

Measurement and coordination of gene expression follow-
ing immediate processing of sputum. Analysis of the sputum
samples described above allowed us to establish our methodology
and demonstrate that RT-qPCR can be used to measure Pseu-
domonas gene expression in sputum. However, P. aeruginosa in
sputum typically has a doubling time of 100 to 200 min (49),
raising the possibility of changes in transcript amounts during the
30-min Sputolysin treatment. A second set of sputum samples
(sample set 2; n = 93), from 9 of the patients who contributed the
first sample set and 1 additional patient, was therefore analyzed.
These samples were expectorated directly into RNAlater, which
inhibits all enzymatic activity, preventing any RNA degradation or
changes in gene expression. The expression of P. aeruginosa iron
uptake genes in these samples was measured, and valid data were
obtained from 79/93 samples (Table 1, set 2). Expression of all the
iron uptake genes was detected in these samples, confirming that
all of these iron uptake systems are active in CF. In general, median
values were higher for siderophore uptake systems (pvdH, pvdS,
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pchF) and lower for other systems (has, phu, feoB) than those with
the Sputolysin-treated samples, and for most of the genes, these
differences were significant (P, <0.05 [Table 1]). These differ-
ences may have arisen because only a subset of the patients in the
first set of samples was represented in the second set and/or be-
cause of the differences in sample preparation between the two
sample sets.

Data from these samples were analyzed for coordinated ex-
pression of different genes. The expression of oprL was very
strongly correlated with that of cpX (see Fig. S1 in the supplemen-
tal material). As expected, the expression of different genes within
each iron uptake system (pvdH and pvdL; hasl and hasR; phuR and
phuS) was also coordinated (Table 2; see also Fig. S1). An excep-
tion was the lack of correlation between the pyoverdine regulatory
gene pvdS and the biosynthetic genes pvdH and pvdL. This may be
because the activity of PvdS is posttranslationally regulated, so
that its expression need not correlate with the expression of down-
stream genes (17). The expression of pvdH and pvdL was also
strongly correlated with pchF expression, indicating coordinated
activity of the pyoverdine and pyochelin siderophore systems.
Strikingly, there was a strong positive correlation between feoB
expression and the expression of all the has and phu genes (Table
2), something also observed with the first data set.

Correlation of gene expression with clinical parameters. The
data from sample set 2 were analyzed to determine whether there
were significant interpatient differences in gene expression and
whether Pseudomonas gene expression was correlated with patient
age, gender, or clinical status (exacerbation, postexacerbation, or
stable). Data from the first set were excluded from these analyses
because of the possible confounder effects associated with the spu-
tum-processing method. No significant interpatient differences
were identified, and no correlations were observed between gene
expression and patient age or gender. The expression of most
genes was not significantly different in different clinical states (Ta-
ble 3). A notable exception is hasR, which showed significantly
lower expression in postexacerbation samples than in samples col-
lected either from patients suffering from exacerbations or from
stable patients. Three siderophore synthesis genes (pvdH, pvdL,
and pchF) showed lower expression in samples from patients with
exacerbations than in samples from stable patients, although this
difference reached significance only for pvdL. It remains to be
determined whether these differences are related to changes in the
clinical state of the patient per se or result from altered gene ex-
pression associated in some way with antibiotic treatment during
exacerbation.

DISCUSSION

Numerous studies have investigated P. aeruginosa physiology in
vitro, but understanding how the bacteria exist within the CF lung
itself, without in vitro growth of the bacteria, has proven much
more challenging. One approach has been to use microarray anal-
ysis of RNA from P. aeruginosa collected from sputum (50), but
this requires the availability of large amounts of sputum and does
not lend itself to high-throughput analysis. In this study, we dem-
onstrate the potential of RT-qPCR as a tool for probing bacterial
physiology as it occurs in CF. Two different methods were used to
extract RNA from sputum, and in each case, gene expression was
detected in more than 80% of samples. Posttranscriptional pro-
cessing and degradation of RNA transcripts can result in different
amounts of transcripts for genes within an operon or, potentially,
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TABLE 3 Comparisons of gene expression by clinical state

Comparison of the following clinical states:

Acute vs stable

Relative expression

Postacute vs acute

Relative expression

Postacute vs stable

Relative expression

Gene (95% CI)* P (95% CI) P (95% CI) P
pvdS 1.12 (0.95-1.34) 0.2 0.88 (0.53-1.49) 0.6 0.78 (0.48-1.25) 0.3
pvdH 0.78 (0.59-1.03) 0.08 0.72 (0.49-1.06) 0.1 0.92 (0.63-1.36) 0.7
pvdL 0.76 (0.62—0.93) 0.009 0.76 (0.54-1.07) 0.1 1.00 (0.66-1.51) 1
pchF 0.61 (0.36-1.04) 0.07 0.71 (0.43-1.16) 0.2 1.17 (0.75-1.82) 0.5
hasI 0.94 (0.76-1.17) 0.6 0.89 (0.66-1.21) 0.5 0.95 (0.74-1.22) 0.7
hasR 0.87 (0.70-1.09) 0.2 0.70 (0.57-0.86) 0.001 0.80 (0.69-0.92) 0.003
phuR 1.40 (0.64-3.06) 0.4 0.90 (0.52-1.58) 0.7 0.65 (0.40-1.04) 0.07
phuS 0.93 (0.60-1.43) 0.7 0.79 (0.49-1.27) 0.3 0.86 (0.51-1.42) 0.55
feoB 1.18 (0.86-1.61) 0.3 1.00 (0.76-1.32) 1 0.85 (0.64-1.13) 0.26

@ From a regression model estimating the difference between means of the natural logarithms of the gene expression values obtained with sample set 2. CI, confidence interval.
b P values are derived from a test of the hypothesis that the difference in means is equal to zero. The P value gives the probability that a ratio this far or farther from 1 would be

observed if there were truly no difference in expression levels by clinical state.

within the transcript for a single gene (51, 52). This may influ-
ence the sensitivity of transcript detection and complicates the
use of RT-qPCR to compare the exact activities of different
genes, although it does not affect the comparison of transcript
amounts for each gene between samples. There were strong
associations between the expression of genes within each of the
pyoverdine and heme (Has and Phu) systems (Table 1), pro-
viding added robustness and giving us confidence that our ap-
proach was valid.

The expression of siderophore and heme uptake genes was
lower in sputum (Table 1) than in P. aeruginosa grown in a stan-
dard laboratory culture medium, unless the medium was supple-
mented with iron (Fig. 1). The expression of these genes is re-
pressed by extracellular iron, which may be present in CF airways
as a consequence of alterations in iron trafficking and increased
iron loss from epithelial cells in CF (35). Alternatively, the reason
for the difference may be that P. aeruginosa grows more rapidly
and has a higher requirement for iron in standard laboratory cul-
ture.

Research on iron acquisition during infection in CF has fo-
cused on pyoverdine. The presence of this siderophore in CF spu-
tum (36, 37) and the expression of pvd genes in most sputum
samples (this study) indicate that pyoverdine is an important fac-
tor in the survival of P. aeruginosa in CF. However, levels of py-
overdine gene expression were very low in some samples, consis-
tent with the absence of detectable pyoverdine in some sputum
samples and the conclusion that pyoverdine is not absolutely re-
quired during chronic infection of the CF airway (37). pchF ex-
pression was detected in most samples, and pyochelin was de-
tected in some samples, suggesting that pyochelin-mediated iron
uptake plays a role in some, but perhaps not all, infections. P.
aeruginosa must therefore acquire iron through other pathways as
well as (or instead of) via these siderophores. The expression of the
has and phu genes in sputa shows that Pseudomonas heme uptake
systems are active in CF patients, with heme potentially being
supplied by proteins such as hemoglobin, haptoglobin, or myo-
globin. The expression of hasR, which is likely to be regulated by
the amount of heme available to the bacteria, was notably lower in
postexacerbation samples than in samples collected during exac-
erbation or when patients were stable (Table 3). This suggests that
heme may be less readily available to P. aeruginosa following treat-
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ment for exacerbations, perhaps reflecting reduced amounts of
heme in sputum when patients have recovered following an
extensive course of intravenous antibiotics and less airway in-
flammation is present. P. aeruginosa has a large number of
other pathways for the uptake of iron (Fe’™) chelates (20, 21),
and it remains to be determined which of these are active dur-
ing infection in CF.

Expression of feoB, which transports Fe*™ into P. aeruginosa,
was detected in all samples in both sample sets (Table 1). feoB
expression in vitro was enhanced by growth under microaerobic
conditions (Fig. 1), as found previously for Shigella flexneri (53),
and feoB expression in CF is consistent with the proposal that low
oxygen availability in CF lungs, particularly in biofilms (10, 11),
stabilizes the Fe™ redox state, allowing direct uptake of the iron
present in CF sputum. The availability of Fe>™ may also be in-
creased by a lower-than-normal airway pH, which has been re-
ported in CF (9). Additionally, phenazine released by P. aerugi-
nosa can reduce extracellular Fe’™ to Fe** (54, 55), potentially
providing a substrate for FeoB. The strong correlation between the
expression of feoB and that of the has and phu genes (Table 3) may
reflect a correlation between the availability of Fe> ™ ions and heme
(or hemoglobin) in CF sputum. FeoB is required for the utiliza-
tion of iron taken up as ferric citrate (31), and an alternative ex-
planation for the correlation between feoB expression and the ex-
pression of the has and phu genes is that FeoB is also involved in
the acquisition of iron that enters P. aeruginosa via the Has or Phu
pathway. In general, there were no strong correlations between the
expression of siderophore (pvd, pch) genes and that of heme/Fe**
uptake (has, phu, feoB) genes, suggesting that P. aeruginosa fine-
tunes its iron uptake pathways in response to the sources of iron
that are immediately available.

In conclusion, this study provides new understanding of
how P. aeruginosa acquires iron during the infection of CF
airways. It also demonstrates the potential of RT-qPCR in
studying the metabolism of infectious bacteria in vivo, an ap-
proach that holds considerable promise for the study of other
P. aeruginosa pathways implicated in infection in CF. Our data
show that iron acquisition by P. aeruginosa is multifaceted and
includes heme and Fe®" uptake pathways that merit greater
characterization.
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